ABSTRACT: This paper presents an experimental and computational investigation of coupled consolidation and contaminant transport in compressible porous media. Numerical simulations were performed using the CST2 computational model in which a dual-Lagrangian framework is used to separately follow the motions of fluid and solid phases during consolidation. Diffusion and large strain consolidation tests were conducted on composite specimens of kaolinite slurry consisting of an upper uncontaminated layer and a lower layer contaminated with potassium bromide. An assessment of the importance of the consolidation process on solute transport is based on measured and simulated solute breakthrough curves and final contaminant concentration profiles. CST2 simulations closely match the experimental data for several different transport and loading conditions. Both diffusion and consolidation-induced advection made important contributions to solute transport and mass outflow. This study suggests that neglecting to consider transient consolidation effects may lead to significant errors in transport analyses involving soft contaminated clays undergoing large volume change.
Introduction
Consolidation-induced transport of contaminants occurs when contaminated soil, such as a layer of dredged sediment, undergoes consolidation due to material self-weight or changes in boundary stress conditions. Transport processes are similar to those for rigid porous media and include advection, dispersion, and sorption/desorption. The difference is that consolidation involves transient advective flows that are governed by the dissipation of excess pore pressures. These flows produce volumetric strains and changes in soil porosity, compressibility, and hydraulic conductivity. For small strain conditions, such changes can be neglected and associated transport analyses have been based on small (i.e., infinitesimal) strain consolidation theory (Potter et al., 1994; Peters and Smith, 1998; Alshawabkeh and Rahbar, 2006) . As strains increase, material changes can be become significant and transport analyses are treated within the context of large strain consolidation theory (Gibson et al., 1995; Peters and Smith, 2002; Fox, 2007a) . In each case, the solute is considered to be sufficiently dilute that the problem can be treated as semi-coupled, with transient advective flows driving the transport process but solute concentrations not affecting media consolidation. The most advanced treatment is currently provided in the CST2 computational model (Fox and Lee, 2008) . CST2 accounts for large strain consolidation, dispersion with a variable effective diffusion coefficient, and nonlinear nonequilibrium sorption.
A key shortcoming of this body of research is the absence of definitive experimental data that can be used to validate computational models. Potter et al. (1994) , Potter et al. (1997) , and Moo-Young (2003) presented experimental results of contaminant transport in soil specimens undergoing consolidation induced by centrifuge. They concluded that consolidation can accelerate solute migration but failed to present direct correlation between measured transient advective flows (via settlement or excess pore pressure) and solute transport. Alshawabkeh et al. (2004) performed single-drained consolidation tests on composite kaolinite specimens consisting of two layers. The upper layer was contaminated with sodium bromide and the lower layer was contaminated with sodium chloride. Bromide concentrations were measured in a water bath surrounding the consolidation cell. They concluded that consolidation accelerates solute transport if transient advective flows are in the same direction as the concentration gradient. These studies have provided some insight into the effect of consolidation on solute transport. More definitive data is however needed for model validation.
The objective of this paper is to present the initial results of a comprehensive experimental program on consolidation-induced solute transport and corresponding computational modelling. The experimental program was conducted using kaolinite slurry contaminated with potassium bromide and included diffusion and large strain consolidation tests. Numerical simulations were conducted using the CST2 model. The computational model and experimental procedures are first described and data are presented to show the significance of consolidation-induced solute transport for various specimen loading conditions.
Computational Model

Description
CST2 is a computational model (Fox and Lee, 2008) for coupled large strain consolidation and solute transport in saturated porous media and represents the next level of sophistication beyond the model CST1 (Fox, 2007a; 2007b) . The consolidation algorithm is one-dimensional and accounts for vertical strain, soil self-weight, general constitutive relations, relative velocity of fluid and solid phases, changing hydraulic conductivity and compressibility during consolidation, time-dependent loading, unload/reload effects, and an external hydraulic gradient acting across the layer. Soil constitutive relationships are defined using discrete data points and can take nearly any desired form. The solute transport algorithm of CST2 is two-dimensional and accounts for advection, longitudinal and transverse dispersion, changing effective diffusion coefficient during consolidation, first-order decay reactions, and nonlinear nonequilibrium sorption. Solute transport is consistent with temporal and spatial variations of porosity and seepage velocity in the consolidating layer. The key to the transport model is the definition of two Lagrangian fields of elements that follow the motions of fluid and solid phases separately (Fig. 1 ). This reduces numerical dispersion and simplifies transport calculations to that of dispersion mass flow between contiguous fluid elements. CST2 provides the following quantities as a function of time: 1) settlement of the consolidating layer, 2) solute concentration in the pore water effluent, and 3) total solute mass outflow. CST2 provides the following quantities as a function of time and position within the consolidating layer: 1) void ratio, 2) pore pressure, 3) dissolved solute concentration, and 4) sorbed solute concentration.
Verification checks of CST1 and CST2 show excellent agreement with analytical and numerical solutions for solute transport in rigid porous media (Fox, 2007b; Fox and Lee, 2008) . A parametric study conducted using CST2 indicates that, for the test cases considered, variation of effective diffusion coefficient during consolidation had an important effect on solute transport, whereas nonlinearity of the sorption isotherm had a less important effect. Additional simulations show that nonequilibrium (i.e., kinetic) sorption can have a strong effect on consolidation-induced solute transport and that this effect becomes more important as the rate of consolidation Figure 1 . Geometry for CST2 computational model (see Fox and Lee (2008) for definitions).
increases. The simulations also corroborate previous findings that consolidation can have a lasting effect on solute migration because transient advective flows change the distribution of solute mass within a given system which then becomes the initial condition for subsequent transport processes (Fox, 2007b) .
Experimental Program
Materials
All tests were performed on specimens of kaolinite slurry. The kaolinite was purchased from the Unimin Corporation in powdered form and has a specific gravity of solids ( s G ) = 2.61, liquid limit ( LL ) = 47.6, and plasticity index ( PI ) = 21.8. The material is classified according to the Unified Soil Classification System as CL, Lean Clay. A standard solute solution was prepared by dissolving potassium bromide (KBr) salt in distilled water to a target concentration of 1635 mg/L Br -and 800 mg/L K + . Br -is a non-reactive tracer and K + experiences sorption/desorption due to the cation exchange capacity of the kaolinite (6.5 meq/100 g). The equilibrium sorption isotherm for K + is nonlinear. Additional Atterberg limit tests indicated that the LL and PI of the kaolinite did not change appreciably when the pore fluid was replaced by the KBr solution (Lee, 2007) .
Specimen Preparation
The initial experimental program consisted of one diffusion test (J6) and two consolidation tests (J4, J5). Each test was conducted on a composite kaolinite specimen consisting of an upper uncontaminated kaolinite slurry layer and a lower contaminated kaolinite slurry layer. The target water content for each layer was 95.2% (= 2 LL ). The uncontaminated kaolinite slurry was prepared using distilled water and cured on a shaking table for a minimum of one week. The contaminated kaolinite slurry was prepared using the KBr solution and was also cured on a shaking table for one week to ensure equilibrium sorption prior to testing. Daily measurements of pore fluid concentration were taken during the curing period by centrifuging a 30 mL tube of contaminated slurry. The supernatant was extracted with a pipette and the K + concentration was measured by electrode. Pore fluid concentrations in the contaminated slurry ceased to change after the first day.
The experimental apparatus used in the investigation is shown in Fig. 2 . Contaminated and uncontaminated slurry layers were placed in a rigid wall consolidation cell (dia. = 102 mm) by a combination of spooning and pouring. Care was taken during this process to entrain as little air as possible into the slurry and thus maintain a saturated condition. Filter paper was placed adjacent to porous discs at the top and bottom of the specimen and in between the slurry layers to provide separation. Table 1 provides 
Diffusion Test
A diffusion test (J6) was conducted using the consolidation test apparatus without any load applied to the specimen and with no water reservoir above the specimen. Both the top and bottom boundaries of the specimen corresponded to no fluid flow and zero concentration gradient ( z c   = 0), where c is the dissolved solute concentration and z is the vertical coordinate. The cell was covered to prevent evaporation and allowed to sit undisturbed for 18 days. After the diffusion period was completed, the test specimen was carefully sampled over its depth to obtain the final concentration profiles. Each slurry sample was placed in a 30 mL tube and centrifuged for 10 min. The supernatant was then manually extracted using a pipette and the Br -and K + concentrations were measured using electrodes. To measure sorbed concentrations of K + , pore water that remained in the solid phase after centrifugation was removed by filter press. Two grams of each dry filter cake was then placed in a centrifuge tube along with 20 mL of 0.7 M nitric acid. The tubes were placed in a reciprocating table for two days and centrifuged to separate the sample into solid and solution phases. K + concentrations in the nitric acid solution were measured by inductively coupled plasma-atomic emission spectrometry and the sorbed mass of K + was calculated. Since there was no fluid or solute outflow, the final concentration profiles were the only data obtained for the J6 diffusion test.
Consolidation Tests
Two one-dimensional, incremental-loading consolidation tests (J4, J5) were conducted on similar composite kaolinite specimens using the same experimental apparatus (Fig. 2) . Both specimens were single-drained at the top boundary with pore pressure measurements taken at the base. Thus, advection occurred upward from the contaminated slurry layer and through the uncontaminated slurry layer. A zero concentration gradient was maintained at both boundaries throughout each test. This condition was achieved at the top boundary by continuously removing all pore water effluent with a peristaltic pump. The inflow line to the pump was inserted through a hole in the load plate such that it could collect pore fluid at the top boundary as soon as it was expelled into the stainless steel porous disk.
The J4 and J5 consolidation tests reached the same final vertical stress (78.4 kPa) but differed in the rate of loading. The loading schedule for J4 consisted of six increments (3.1, 5.6, 10.4, 20.1, 39.5, 78 .4 kPa) with a load-increment-ratio of approximately 0.9. The loading schedule for J5 consisted of two increments (3.1, 78.4 kPa) and thus J5 reached the final stress much faster than J4. Each load increment remained on the specimens for 3 days, with primary consolidation generally finished in approximately 2 days. Therefore, the total testing periods for J4 and J5 were 18 days and 6 days, respectively. Dial readings taken after primary consolidation indicated that there was insignificant secondary compression for this soil. At the conclusion of the consolidation tests, the specimens were immediately extruded from the consolidation cell and sliced into horizontal disks to obtain final water content and concentration profiles. Using a similar procedure as described for J6, each slice was centrifuged and filter pressed to obtain dissolved and sorbed solute concentrations.
Input Parameters
An independent series of batch, diffusion, dispersion, and consolidation tests were performed to obtain input parameters for the CST2 computational model (Lee, 2007) . The initial void ratios for the J4, J5, and J6 tests were specified as 2.54, 2.54, and 2.56. The compressibility relationship for the J4 and J5 consolidation tests were obtained from the final void ratio at each load increment and the hydraulic conductivity was defined by e = 8.16 + 0.765 log k , where k is the vertical hydraulic conductivity (m/s). The effective diffusion coefficient was defined as 
Results
Solute Mass Balance
The experimental error E for each test was evaluated based on solute mass balance as Table 2 , are generally small and indicate that solute concentration measurements were accurate to approximately 10%. This also suggests that the nitric acid extraction procedure was effective in desorbing the K + from the solid phase. One likely contribution to the mass balance errors is the assumption of a linear distribution between measurements in the final solute concentration profiles, whereas the true distributions are expected to follow smooth curves (Shackelford, 1988) . 
Settlement Curves
Measured and computed settlement curves are presented in Fig. 3 for the J4 and J5 consolidation tests. The tests show very similar settlement curves during the first load increment (3.1 kPa) and very similar values of final settlement at 78.4 kPa (27.0 and 27.7 mm, respectively). Thus, the consolidation behavior of the J4 and J5 specimens appears to be comparable. After the first load increment, the curves diverge due to the different loading schedules. J4 reached the final settlement progressively over 5 steps whereas consolidation for J5 occurred much more rapidly in a single step. Final settlements correspond to average vertical strains of 38.0% and 38.4%, respectively, and indicate that very large strains were achieved in these tests. Simulated results are very close to the measured data, which corroborates the ability of CST2 to model large strain consolidation. (Fig. 3a) show increasing concentrations in the pore water effluent with increasing settlement. This occurs because larger settlements correspond to greater advective transport from the contaminated kaolinite layer into the uncontaminated kaolinite layer. Effluent concentrations increase more quickly for J5 than J4 due to the greater consolidation rate. However, the final Brconcentration reached for J5 is approximately 60% of that for J4. Corresponding curves for K + indicate much smaller effluent concentrations for both tests. Potassium was sorbed to the uncontaminated layers during upward transport and less was carried out of the specimens. The CST2 simulations are in good agreement with Br -and K + effluent concentrations for both tests.
Solute Breakthrough Curves
Breakthrough curves for solute mass outflow (Fig. 3b) are in general agreement with the effluent concentration curves. Nearly 30% of the initial Br -mass was transported out of the J4 specimen during consolidation, whereas only 14% was transported out for the J5 specimen. Considering that final settlements (and hence pore water outflows) were nearly identical for these tests, it must be concluded that the longer testing time, and hence greater time for diffusion, had a considerable effect on the total solute outflow. The Br -data also show that solute mass outflow rates mimicked the rates of consolidation for the various load increments. Faster outflow rates occurred during the early stages of consolidation when pore water outflow rates were high and then slowed toward the end of each load increment. Insufficient pore water effluent was collected during secondary compression for concentration analysis, which led to the gaps in the e c and o e M M curves in Fig. 3 . However, it is presumed that diffusion became more dominant as the advection rate greatly slowed during secondary compression. This diffusion transport resulted in further upward migration of solute mass and the cumulative effect produced the large difference in total Br -mass outflows for J4 and J5 in Fig. 3(b) . Fig. 3 (b) also shows that only a small fraction of the initial K + mass was transported out of each specimen, which is again due to sorption in the uncontaminated kaolinite layer. CST2 simulations for mass outflow are again in good agreement with the experimental measurements. The errors in simulated total Br -outflow mass at the conclusion of J4 and J5 are 23% and 35%, respectively.
Final Concentration Profiles
Final computed and measured solute concentration profiles for the J4, J5, and J6 specimens are shown in Fig.  4 . Final specimen heights were 44.1, 44.5, and 73.2 mm, respectively. Bromide fluid concentrations (Fig. 4a) for the diffusion test (J6) are lower than for the consolidation tests (J4, J5) even though J6 has the highest initial mass of Br - (Table 2 ). This likely occurred due to additional dilution in the larger volume of uncontaminated pore water for this specimen. Some of the uncontaminated pore water was expelled from the J4 and J5 specimens and this produced higher final concentrations of Br -. The J5 profile has a higher average concentration than J4, which is consistent with the breakthrough curves in Fig. 3 . Interestingly, the J5 Br -profile also shows a much higher final concentration gradient than the J4 profile. This is likely due to the additional time allowed for diffusion in the J4 test which caused re-distribution of solute mass and produced a final Br -profile that more closely resembles uniform concentration. Final profiles for potassium (Fig. 4a) show relatively small fluid concentrations due to K + sorption. The trends are similar to the Br -profiles except that J6 had the highest average concentration. Since only very small quantities of K + were transported out of the consolidation specimens, the higher J6 concentration reflects the higher initial mass o M in this specimen (Table 2 ).
Final sorbed concentration profiles for K + are shown in Fig. 4(b) . The trends are consistent with the K + fluid concentrations in Fig. 4(a) , which suggests equilibrium sorption was at least approximately achieved. All three profiles display a concentration gradient toward the top boundary and a smooth transition between the initially contaminated and uncontaminated layers. The J5 test, in which consolidation occurred over a much shorter time, has a higher sorbed concentration gradient. J5 also displays a sorbed concentration at the top that is nearly zero. This is consistent with the very small mass outflow of K + in Fig. 3(b) and . This suggests that CST2 is capable of simulating local flow and transport effects as well as overall solute mass outflows in Fig. 3 .
Conclusions
An experimental and computational investigation of coupled consolidation and contaminant transport is presented in this paper. Numerical simulations were conducted using the CST2 computational model. The consolidation algorithm accounts for large strains with associated geometric and material nonlinearities. The transport algorithm accounts for advection, dispersion, and sorption, and includes variation of effective diffusion coefficient during consolidation and nonlinear nonequilibrium sorption effects.
To provide data for model validation, diffusion and large strain consolidation tests were conducted on composite specimens of kaolinite slurry consisting of an upper uncontaminated layer and a lower layer contaminated with potassium bromide (KBr). The diffusion test involved no advection and produced final distributions of Br -and K + that indicated considerable redistribution of solute mass over the 18 d diffusion period. The consolidation tests produced significant outflows of Br -solute mass in response to pore water outflow from the specimens. Outflows of K + were much less due to sorption in the initially uncontaminated layer. When compared to the diffusion test, transient advective flows for the consolidation tests had a significant effect on solute breakthrough and final distribution of solute mass within the specimens. Importance of diffusion was also indicated by large differences in transport for the two consolidation tests conducted using different load-increment-ratios. Thus, both diffusion and consolidation-induced advection made important contributions to solute transport and mass outflow in this study. This limited testing program has also indicated that transient consolidation effects should be considered in transport analyses for soft contaminated clays undergoing large volume change.
Numerical simulations obtained using the CST2 model were in close agreement with experimental measurements for both solute breakthrough and final concentration profiles corresponding to several different loading and transport conditions. This suggests that the CST2 computational model is capable of simulating local flow and transport effects as well as overall solute mass outflows of both tracer and sorptive contaminants.
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